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ABSTRACT: In this work, a new type of hyper-crosslinked phosphate-based polymer (HCPP) polymerized by bis(2-
methacryloxyethyl)phosphate has been developed for uranium and rare earth element (REE) extraction in an aqueous solution.
The influence of the pH value, contact time, initial concentration, temperature, and competing ions on uranium adsorption of
HCPP is investigated in detail. HCPP exhibits a maximum uranium adsorption capacity of up to 800 mg g−1 at pH = 6.0 and
excellent selectivity toward uranium adsorption over coexisting ions, because of the high affinity between HCPP and uranium
ions and dense phosphate groups on the backbone. It also demonstrates high adsorption performance in both simulated
seawater with a high salt concentration and a real nuclear industrial effluent. Besides, the crosslinked network structure of HCPP
endows this polymer with high chemical stability and reusability. Furthermore, the adsorption mechanism is probed by energy-
dispersive spectroscopy, X-ray photoelectron spectroscopy, and Fourier transform infrared measurements. It is confirmed that
the adsorption of uranium on the adsorbent originates from the interaction between phosphate groups and uranium ions.
Meanwhile, HCPP also displays high REE adsorption capacities. This work indicates that the phosphate-based HCPP could be
utilized as a promising adsorbent for the effective removal of uranium and REEs from aqueous solution.
■ INTRODUCTION
Uranium and rare earth elements (REEs) are in great demand
for industrial applications, including nuclear energy,1,2 metal-
lurgy, optical devices, luminescent materials, superconductors,
and secondary batteries.3,4 Conventionally, they have been
obtained through energy-cost terrestrial mining activities, while
large quantities of wastewater containing uranium or REEs are
inevitably produced.5,6 Meanwhile, with the rapid development
of nuclear power generation, a large amount of high-level
radioactive waste liquid is generated, and serious environ-
mental pollution will be caused without pretreated dis-
charge.7−10 Thus, it is critical to develop highly effective
strategies to recover uranium and REEs from wastewater,
which is significant for both reasonable utilization of uranium
and REE resources and environmental conservation.
During the past few decades, different strategies have been
proposed for the separation and preconcentration of uranium
and REEs in wastewater, such as solvent extraction,11,12 ion-
exchange,13 co-precipitation,14 bioconcentration,15 membrane
dialysis,16 and adsorption.17−20 Among them, the adsorption
technique demonstrates to be one of the most effective
approaches for recovering uranium and REEs owing to its low
energy consumption, high selectivity, convenient operation,
and cost efficiency. Inorganic adsorbents,21,22 including metal
oxides,23 metal sulfides,24 and mesoporous silica,25 were first
developed to enrich uranium from aqueous solutions in the
1960s. Due to their poor selectivity and environmental
instability, inorganic adsorbents were replaced by more
selective functional polymeric adsorbents. After extensive
investigations, polymeric adsorbents with amidoxime, phos-
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phate, amide, and carboxyl groups have exhibited high
adsorption capacities for uranium and REEs. Amidoxime-
based adsorbents have shown high adsorption capacities for
uranium because of their high affinity for uranyl ions, but their
preparation processes always need a highly toxic, explosive, and
volatile acrylonitrile monomer. In addition, tedious amidox-
imation and alkali treatments before adsorption hinder their
scale-up and sustainable development.26 Amide and carboxyl-
based adsorbents also display good adsorption capacities for
uranium and REEs, yet their adsorption selectivity is low.27−29
Recently, phosphate-based polymers have gained more and
more interest attributed to their nontoxic and environmentally
friendly properties. Their high hydrophilicity improves the
dispersibility of adsorbents and facilitates contact with target
ions in aqueous solution; therefore, fast adsorption kinetics for
uranium and REEs are realized.30 However, only a few studies
focused on free radical homopolymerization of vinyl phosphate
monomers and their derivatives, because phosphate groups
near the vicinity of vinyls can cause significant steric hindrance
and retard the chain propagation reaction, which eventually
merely results in a low yield of oligomeric materials.31 To
obtain the phosphate-containing adsorbents, many efforts have
been made over the years through radiation-induced graft
polymerization (RIGP) and free radical copolymerization.32,33
It is should be noted that either of the two methods has its
own inherent drawbacks and limitations. For example,
adsorbents obtained through these methods only have sparse
complexing groups along the macromolecular chains, and
RIGP requires radiation-stable ligands with polymerizable
groups and suffers from issues with side-reactions and
radiolysis.
In this work, bis(2-methacryloxyethyl) phosphate is
employed as a single monomer for the preparation of a
hyper-crosslinked phosphate-based polymer (HCPP). The
monomers are connected via a free radical addition reaction
leading to frameworks with a high cross-link degree. The long
spacer between vinyl and phosphate groups effectively prevents
or reduces the steric effect during the polymerization process;
thus, a high polymerization degree and dense complexing
groups are achieved in comparison with those derived from
graft polymerization and free radical copolymerization.
Measurements are carried out to investigate the influence of
the pH value, adsorption time, initial concentration, com-
petitive ions, and temperature on the uranium adsorption of
HCPP. This new adsorbent exhibits a maximum uranium
adsorption capacity of up to 800 mg g−1, according to the
Langmuir isotherm mode and high capacities for REE
adsorption. It also demonstrates superior selectivity for
uranium adsorption over coexisting ions. Besides, the cross-
linked network structure endows this adsorbent with high
chemical stability. Therefore, this adsorbent can be repeatedly
used with high uranium adsorption efficiency after four
adsorption−desorption cycles. It is suggested that this
phosphate-based polymeric adsorbent with high adsorption
capacity, excellent selectivity, good chemical stability, and
superior reusability should have practical applications on an
industrial scale.
■ EXPERIMENTAL SECTION
Chemicals. Bis(2-methacryloxyethyl) phosphate (B2MP) was
purchased from J&K Scientific Co. Ltd. Azobisisobutyronitrile
(AIBN) was provided by the Tianjin Guangfu Fine Chemical
Research Institute. Uranyl nitrate hexahydrate (UO2(NO3)2·6H2O)
was obtained from Hubei Chushengwei Chemistry Co. Ltd.
Tetrahydrofuran (THF), N,N-dimethylformamide (DMF), sodium
hydrate (NaOH), concentrated hydrochloric acid (HCl), nitric acid
(HNO3), nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O), cobalt-
(II) nitrate hexahydrate (Co(NO3)2·6H2O), cesium nitrate (CsNO3),
sodium chloride (NaCl), sodium bicarbonate (NaHCO3), sodium
carbonate (Na2CO3), calcium nitrate tetrahydrate (Ca(NO3)2·
4H2O), magnesium nitrate hexahydrate (Mg(NO3)2·6H2O), sodium
nitrate (NaNO3), lithium nitrate (LiNO3), potassium nitrate (KNO3),
cupric nitrate (Cu(NO3)2), and anhydrous magnesium sulfate
(MgSO4) were purchased from Sinopharm Chemical Reagent Co.
Ltd. Zinc(II) nitrate hexahydrate (Zn(NO3)2·6H2O), barium nitrate
(Ba(NO3)2), and strontium nitrate (Sr(NO3)2) were provided by
Xilong Scientific Co. Ltd. Manganese oxide (MnO) and standard
solutions (1000 mg/L) of REEs (including Gadolinium (Gd),
samarium (Sm), cerium (Ce), neodymium (Nd), terbium (Tb),
and europium (Eu)) and vanadium (V) were obtained from Shanghai
Aladdin Biochemical Technology Co. Ltd. DMF was predried with
MgSO4 and then distilled before use. All of the chemical reagents
were of analytical grade and used as received without further
purification.
Preparation of HCPP. HCPP was prepared through one-step
solution polymerization. In a typical experiment, B2MP (0.9660 g, 3
mmol), AIBN (0.0097 g, 0.06 mmol), and 5 mL of anhydrous DMF
were mixed in a Schlenk tube and the mixture was degassed by three
freeze−pump−thaw cycles, sealed and stirred at 80 °C in an oil bath
for 24 h. The polymer was collected by filtration, washed three times
with THF, and purified by Soxhlet extraction with THF for 12 h.
After drying under vacuum at 80 °C for 8 h, a white powder was
obtained, denoted as HCPP (Yield: 99.4%).
Characterization. Fourier transform infrared (FT-IR) spectra
were recorded on a Nicolet iS10 spectrometer. The chemical
structures of the monomer and HCPP were characterized by a
Bruker AV400-NMR spectrometer and a solid-state 13C cross-
polarization magic angle spinning nuclear magnetic resonance (CP/
MAS NMR) spectrometer (WB 400 MHz Bruker AV III
spectrometer), respectively. The morphology and element distribu-
tion of the samples were observed by scanning electron microscopy
(SEM) and energy-dispersive spectroscopy (EDS), respectively (SU-
70, Hitachi). X-ray photoelectron spectroscopy (XPS) measurements
were performed with an Escalab 220i-XL system. Ultraviolet-visible
(UV−vis) spectra were recorded by a UV-2501 PC/2550
spectrophotometer (Shimadzu Corporation, Japan) at room temper-
ature with a standard producer. The concentrations of REEs and
competing metal ions were determined by high-resolution inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7700).
Adsorption Experiments. Typically, 10 mg of HCPP was
dispersed into 10 mL of UO2(NO3)2 aqueous solution (or REE
aqueous solution) and magnetically stirred for 3 h at different
temperatures. Then, the uranium-loaded HCPP (HCPP-U) was
separated by a syringe filter. The concentrations of uranium and REE
ions were measured by a UV−vis spectrophotometer and ICP-MS,
respectively. The pH value of the solution was regulated with 0.1 M
NaOH and 0.1 M HNO3. The adsorption amount and removal rate of
uranium were calculated according to the following equations
q C C
V
m
(mg g ) ( )e
1
0 e= − ×
−
(1)
R
C C
C
(%) 100%0 e
0
=
−
×
(2)
where qe and R are the adsorption capacity and the removal rate of
HCPP, respectively. Co and Ce (mg L
−1) are the initial and
equilibrium concentrations of uranium, respectively. m is the weight
of the adsorbent (g) and V (L) is the volume of the solution.
Selective Adsorption Experiments. In Simulated Nuclear
Industrial Effluent. The solution containing 7 competing ions (Mn,
Co, Ni, Zn, Sr, Ba, and Cs), except for uranium, was prepared by
dissolving the corresponding oxides or nitrates in HNO3 with a
concentration of about 1 mmol L−1 for each ion (pH = 4.5 ± 0.1).34
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HCPP (10 mg) was added into 10 mL of the above-mentioned
solution and magnetically stirred for 3 h at room temperature. After
adsorption, the adsorbent was separated by a syringe filter, and the
concentrations of different ions were determined by ICP-MS. The
distribution coefficient (Kd) and selectivity coefficient (KU/M) were
calculated from eqs 3 and 4, respectively.
K
C
C C
C
V
m
q ( )
d
e
e
0 e
e
= =
−
×
(3)
KU/M for uranium is defined as a specific term to describe the selective
and potency of HCPP as follows
K
K
KU M
U
M
/
d( )
d( )
=
(4)
where Kd(U) and Kd(M) denote the distribution coefficients of uranium
and the other ions, respectively.
In Simulated Seawater. The selectivity of HCPP was examined in
simulated seawater with 0.5 M uranium ion and interfering ions (Na,
Mg, Ca, K, Li, V, and Cu) at pH = 2.5 ± 0.1. HCPP (10 mg) was
added into 10 mL of the above-mentioned solution and magnetically
stirred for 3 h at room temperature. After adsorption, the adsorbent
was separated by a syringe filter, and the concentrations of different
ions were determined by ICP-MS.
Adsorption Experiment in Simulated Seawater. According to
the reported formula, simulated seawater was prepared by dissolving
17.0 mg of [UO2(NO3)2], 25.6 g of NaCl, and 193.0 mg of NaHCO3
in 1 L of deionized water.35 HCPP (0.1 g) was dispersed into 0.5 L of
simulated seawater and magnetically stirred for 3 h at room
temperature. Subsequently, the adsorbent was separated by a syringe
filter. Then, the concentration of uranium was measured by ICP-MS.
Adsorption Experiment in Real Nuclear Industrial Effluent.
HCPP (0.01 g) was dispersed into the real nuclear industrial effluent
and magnetically stirred for 3 h (at initially pH and pH = 6.0). After
adsorption, the adsorbent was separated by a syringe filter. Then, the
concentration of uranium in the solution was measured by ICP-MS.
Desorption Experiment. Desorption of uranium on HCPP-U
was carried out using different eluents, including HCl, HNO3, and
Na2CO3. HCPP-U was added into a 30 mL of eluent solution (1 mol
L−1) and stirred for 3 h at room temperature, and then collected by
centrifugation. The uranium concentrations in the testing solutions
were determined with a UV−vis spectrophotometer. The eluent rate
was calculated from the amount of uranium adsorbed on the sample
and the final uranium concentration in the desorption medium, using
the following equation
Scheme 1. Schematic Picture of the Preparation of HCPP
Figure 1. FT-IR (a) and 13C NMR (b) spectra of B2MP and HCPP. The three-line signals around 76 ppm correspond to the single carbon atom of
CDCl3.
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m
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Regeneration Experiment. To assess the reusability of HCPP,
the regeneration experiment was evaluated in a uranium solution (500
mg L−1) with the same concentration of the adsorbent (1.0 mg mL−1)
for four adsorption−desorption cycles. All suspensions were stirred
for 12 h at room temperature to reach equilibrium. After saturated
adsorption, the adsorbent was separated by centrifugation, and the
resulting HCPP-U was immersed in 30 mL of 1 M Na2CO3 eluent
and stirred for 3 h at room temperature. Then, the sample was further
washed with distilled water (20 mL) and 0.1 M HCl (20 mL) 3 times,
respectively. Subsequently, the adsorbent was dried at 80 °C under
vacuum for the next run. The concentrations of uranium were
quantified by a UV−vis spectrophotometer.
■ RESULTS AND DISCUSSION
HCPP was prepared via a one-step free radical homopolyme-
rization of B2MP (as shown in Scheme 1). The successful
preparation of HCPP was confirmed by FT-IR and 13C NMR
spectroscopy characterization techniques. As shown in Figure
1a, the characteristic band at 2931 cm−1 is assigned to the C-H
stretching vibration of -CH2-, which is strengthened in the
spectrum of HCPP. Meanwhile, the stretching vibration of
CC at 1637 cm−1 is weakened obviously in the polymer.36
The results reveal that monomers have been connected after
polymerization. As illustrated in Figure 1b, B2MP has five
types of carbon signals with chemical shifts of 18, 63, 126, 136,
and 167 ppm. Peaks at 126 and 136 ppm can be assigned to
the double bond carbons, which disappear in the CP/MAS
NMR spectrum of HCPP. In addition, the new broad peak at
45 ppm belongs to methine and methylene carbon formed
after polymerization.36 The morphology of HCPP was
observed by SEM. As demonstrated in Figure S1, HCPP
exhibits a rough surface morphology composed of loosely
aggregated tiny particles with irregular shapes.
The uranium adsorption performance of HCPP was first
tested in aqueous solutions of uranyl nitrate with the pH
ranging between 1.0 and 8.0, and an interval of 1.0. It can be
seen that the adsorption capacity of HCPP increases
dramatically from pH 1.0 to 6.0 and then remains constant
at pH 6.0 to 7.0 (Figure 2). Upon further increasing the pH
value, the adsorption capacity of uranium decreases sharply.
Therefore, the optimal pH value for uranium adsorption on the
HCPP surface is 6.0. Such a pH-dependent adsorption
behavior can be associated with uranium speciation and
surface charge of HCPP. When the pH value is less than 3.0,
uranyl ion (UO2
2+) is the predominant form of uranium in
solution, whereas the phosphate groups are protonated and
positively charged.37 Meanwhile, the large amount of H+ acts
as competitive ions against UO2
2+.38 The positivity of the
adsorbent and the competition between H+ and UO2
2+ on the
adsorptive active sites result in a low adsorption capacity. As
the pH value increases (pH = 3.0−6.0), the phosphate groups
are deprotonated, while uranium ions still exist in a positively
charged form. The electrostatic interaction and complexation
between the O in the phosphate moiety and uranium lead to
the increase of the adsorption capacity. The amount of
adsorbed uranium decreases significantly when the pH value is
higher than 6.0. This can be explained by the increasing
electrostatic repulsion between the negatively charged HCPP
and by the increasing negatively charged multinuclear
hydroxide complexes, such as UO2(OH)3
−, UO2(OH)4
2−,
and (UO2)3(OH)7
−.39,40 Therefore, the following adsorption
experiments are carried out at pH = 6.0.
To assess the adsorption kinetics of uranium ions on HCPP,
the influence of contact time on uranium adsorption was
studied with an initial uranium concentration of 800 mg L−1
(pH = 6.0). The adsorption capacity of HCPP displays a
significant increase during the initial 20 min and then increases
slowly, eventually, the adsorption process reaches an
equilibrium at around 180 min (Figure 3a). Finally, the
saturated uranium adsorption capability of HCPP is 647 mg
g−1. A large amount of active binding sites on the surface of
HCPP results in fast kinetics at the initial stage. However, the
adsorption rate decreases obviously with a further increase of
contact time, due to the decrease of uranium concentration
and chelating sites. The digital photos (the insets in Figure 3a)
present the color changes of the uranium solution and the
sample before and after adsorption. HCPP exhibits a color
change upon exposure to uranium solution, turning from white
to light yellow. This dramatic color change of HCPP indicates
its high efficiency for the adsorption of uranium from aqueous
solution. To clarify the adsorption behavior of HCPP, pseudo-
first-order and pseudo-second-order kinetic models (as ex-
pressed by eqs 6 and 7, respectively) are employed to analyze
the observed kinetic data.
q q q k tln( ) lnte e 1− = − (6)
t
q k q
t
q
1
t 2 e
2
e
= +
(7)
where qe and qt (mg g
−1) are the adsorption amounts at
equilibrium and time t, respectively. k1 (min
−1) and k2 (g (mg
min)−1) are the rate constants of the pseudo-first-order and
pseudo-second-order kinetic models, respectively. The values
of qe, k1, and k2 are calculated according to the slopes and
intercepts of the plots (Figure 3b,c). The model parameters
and correlation coefficients obtained by both models are listed
in Table 1. It can be seen that both pseudo-first-order and
pseudo-second-order kinetic models match well with the
observed kinetic data. However, the correlation coefficient
(R2) of the pseudo-second-order kinetic equation (0.9993) is
higher than that of the pseudo-first-order kinetic equation
(0.9504). Moreover, the equilibrium adsorption capacity for
uranium counted by the pseudo-second-order kinetic equation
(654 mg g−1) is much closer to the experimental value (647
mg g−1). Therefore, the pseudo-second-order model is more
suitable to explain the kinetics of adsorption, and the rate-
limiting step of adsorption is a chemical interaction process.41
Figure 2. Influence of pH on the uranium adsorption capacity of
HCPP (madsorbent/Vsolution = 1 mg mL
−1, C0 = 800 mg L
−1).
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The adsorption isotherm of HCPP was determined by
adjusting the initial concentration of uranium from 600 to
1000 mg L−1. As demonstrated in Figure 4a, the adsorption
capacity increases markedly with increasing equilibrium
concentration of uranium, and gradually approaches adsorp-
tion saturation. The experimental value of the maximum
adsorption capacity of HCPP is 750 mg g−1. Langmuir and
Freundlich equations are used to describe the adsorption
isotherm of HCPP. Among them, the Langmuir model
hypothesizes that the adsorption is localized in a monolayer,
all binding sites on the adsorbent have the same affinity, and
the adsorption energy decreases with the increasing distance to
surface. The Freundlich equation is based on the assumption
that adsorption takes place on the heterogeneous surfaces of
the adsorbent. The linear equations of two models are given as
follows
C
q bq
C
q
1e
e m
e
m
= +
(8)
q K
n
Cln ln
1
lne e= + (9)
where Ce (mg L
−1) represents the equilibrium concentration of
the adsorbate. qe and qm (mg g
−1) are the equilibrium
adsorption capacity and maximum adsorption capacity
obtained from the Langmuir model. b (L mg−1) is the
equilibrium constant of the adsorption strength. K and n are
Freundlich constants. The relative parameters (qm, b, K, and n)
are calculated according to the intercepts and slopes of the
plots (Figure 4b,c) and given in Table 2. The results reveal that
the isotherm fits better to the Langmuir model (R2 = 0.994)
than to the Freundlich model (R2 = 0.941).42 Moreover, the
maximum uranium adsorption amount of HCPP (800 mg g−1)
calculated by the Langmuir adsorption equation is much closer
to the corresponding experimental data (750 mg g−1).43−46 It
can be clearly concluded that the adsorption of uranium on
HCPP follows the Langmuir adsorption model.47 The
comparison of uranium adsorption capacity obtained in this
work with those of other adsorbents is represented in Table 3.
It is evident that HCPP shows a higher uranium adsorption
capacity than those of reported phosphate,18,48−50 amidox-
ime,35,51 amide27-functionalized polymeric adsorbents, and
organic−inorganic adsorbents, because of the high affinity
between HCPP and uranium ions and dense phosphate groups
on the backbone.34,52−57
Moreover, adsorption thermodynamics was studied as well,
and the influence of temperature on uranium adsorption of
Figure 3. (a) Influence of contact time on uranium adsorption capacity of HCPP (insets: digital photos of uranium solutions and samples before
and after adsorption), and kinetic studies on HCPP: (b) pseudo-first-order and (c) pseudo-second-order model linearly fitted curves.
Table 1. Kinetic Parameters for Uranium Adsorption of
HCPP
pseudo-first-order pseudo-second-order
k1 (min
−1) qe (mg g
−1) R2 k2 (min
−1) qe (mg g
−1) R2
0.0112 123 0.9504 0.0003 654 0.9993
Figure 4. (a) Adsorption isotherm for uranium adsorption of HCPP (pH = 6.0 ± 0.1 and madsorbent/Vsolution = 1 mg mL
−1), (b) Langmuir and (c)
Freundlich model linearly fitted curve.
Table 2. Isotherm Parameters for Uranium Adsorption of
HCPP
Langmuir isotherm Freundlich isotherm
b (L mg−1) qm (mg g
−1) R2 K (mol1−n L g−1) n R2
0.00559 800 0.994 336.635 6.786 0.941
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HCPP is illustrated in Figure 5a. The adsorption capacity of
uranium increases gradually with the increasing environmental
temperature from 298 to 318 K, indicating that high
temperature is beneficial for the uranium adsorption process.
The changes of thermodynamic parameters of adsorption
process are determined using eq 10.
K
S
R
H
RT
ln a =
Δ − Δ
(10)
where Ka represents the distribution coefficient of the uranium,
T (K) is the experimental temperature, R is the universal gas
constant, ΔS is the entropy change (J mol−1 K−1), and ΔH is
enthalpy change (kJ mol−1). The change of the Gibbs free
energy (ΔG) value is calculated according to eq 11.
G H T SΔ = Δ − Δ (11)
The thermodynamic parameters for uranium adsorption of
HCPP are calculated according to the intercept and slope of
the curve (Figure 5b) and listed in Table 4. The positive value
of ΔH reveals that the uranium adsorption process on HCPP is
an endothermic process. Meanwhile, the negative values of ΔG
indicate that the adsorption process is a spontaneous one.58
With the increasing temperature, ΔG becomes negative,
implying that the adsorption process is more favorable at
higher temperatures. In addition, ΔS gives a positive value,
suggesting increasing randomness during adsorption.34,57
Uranium adsorbents are mainly used for the enrichment of
uranium in the nuclear industrial effluent and seawater.
However, due to a large amount of coexisting ions in the
actual environment, high adsorption selectivity of adsorbents
for UO2
2+ in the presence of coexisting ions is essential for
their practical application. The selectivity for uranium
adsorption of HCPP was first studied in a simulated nuclear
industry effluent containing UO2
2+ ions and additional
representative metal ions (Mn, Ni, Co, Zn, Ba, Sr, and
Cs).34 As plotted in Figure 6a, HCPP still maintains a high
uranium adsorption capacity (213.2 mg g−1) and removal rate
(∼100%) in the simulated nuclear industry effluent when large
amounts of competitive ions exist. Particularly, the selective
adsorption in the nuclear industrial effluent is further evaluated
by the calculated Kd and KU/M values. As depicted in Figure 6b
and Table S1, HCPP exhibits a Kd value of 2.68 × 10
5 mL g−1
for uranium ions and KU/M is over 2346.6 (U/Cs), which are
much better than those of conventional molecularly imprinted
polymers.59,60
Adsorption performance in simulated seawater was also
evaluated in uranium solutions with representative metal ions
and high salt concentrations, respectively. The simulated
seawater containing representative metal ions (i.e., U, V, Na,
Mg, Ca, K, Li, and Cu) was prepared by dissolving
corresponding nitrates in deionized water. It is well known
that the vanadium ion is the most competing ion among these
representative ions, and usually causes reduced adsorption
capacity.61 As plotted in Figure 7a, the uranium adsorption
capacity and removal rate of HCPP in simulated seawater
containing numerous competing ions are as high as 100.7 mg
g−1 and 99.7%, respectively. The calculated Kd and KU/M values
are used to further appraise the selective adsorption in
simulated seawater. As demonstrated in Figure 7b and Table
S2, HCPP presents a Kd value of 1.37 × 10
4 mL g−1 for
uranium and KU/M is over 99.5 (U/V), which are much higher
than those of many currently reported amidoxime-based
adsorbents.61,62 Furthermore, the adsorption experiment, in
the presence of excess Na+ and HCO3
− (NaCl 25.6 g L−1 and
NaHCO3 193.0 mg L
−1), was carried out to probe the
influence of high salt concentration on the adsorption
performance of HCPP.35 The uranium adsorption capacity
Table 3. Comparison of qmax of Uranium for Various
Adsorbents
adsorbent qmax (mg g
−1) refs
EGMP hydrogels 550 18
phosphonate-functionalized microspheres 67 48
(PVA-VPA) fibers 32 49
PO4/PE 173 50
POP-oNH2-AO 530 35
PVim-b-PSt 169 51
EDA-modified GMA-grafted PE fibers. 690 27
AO-g-MWCNTs 145 34
FCCP composites 625 52
oxime-grafted CMK-5 65 53
ACFs-AO 192 54
p-AO/CNFs 588 55
HTC-btg 307 56
oxine-functionalized magnetic Fe3O4 125 57
HCPP 800 this work
Figure 5. (a) Influence of temperature on uranium adsorption of HCPP, pH = 6.0, C0 = 1000 mg L
−1, and t = 180 min. (b) Linear plot of ln Ka vs
1/T.
Table 4. Thermodynamic Parameters for Uranium
Adsorption of HCPP
ΔG (kJ mol−1)
ΔH (kJ mol−1) ΔS (J mol−1 K) 298.15 K 308.15 K 318.15 K
8.41 93.72 −19.53 −20.47 −21.40
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and removal rate of HCPP are 41.4 mg g−1 and 98.6%,
respectively.
To explore the uranium adsorption mechanism, EDS, XPS,
and FT-IR measurements were conducted. EDS mapping was
first employed to estimate the elemental distribution in HCPP-
U. As shown in Figure 8, the captured uranium uniformly
disperses on the sample surface. In Figure 9a, the intensity
change of the peak located at 1169 cm−1 is attributed to
complexed PO groups with uranium.63 Besides, it is worth
noting that new peaks at 1529 and 930 cm−1 in HCPP-U
corresponded to the coordinated NO3
− in UO2(NO3)2 and
adsorbed UO2
2+, respectively. Subsequently, the elemental
compositions of HCPP before and after adsorption of uranium
were analyzed by XPS. As illustrated in Figure 9b, several new
peaks belonging to U 4f5/2 (∼393 eV) and U 4f7/2 (∼382 eV)
can be found after uranium adsorption, indicating the presence
of uranium in HCPP-U.64 It can be discerned that the
adsorption of uranium changes the binding energies of O 1s
(∼0.54 eV) and P 2p (∼0.86 eV). These may be due to the
chemical coordination of uranium with O-atoms (PO, P−
O) of phosphate, leading to a change in the distribution of the
surrounding electron environment.65 In addition, O 1s spectra
can be divided into five different fitted peaks, corresponding to
CO, −OH, C−O, PO, and P−O for HCPP and HCPP-U
(Figure 9c,d).65,66 In particular, the positions of −OH, PO,
and P−O shift to lower binding energies ((i.e., the −OH bond
(∼0.29 eV), the PO bond (∼0.28 eV), and the P−O bond
(∼0.58 eV)), which can be attributed to the interactions
between oxygen and uranium atoms. (The P 2p spectra can be
found in Figure S2.) Therefore, the uranium adsorption onto
HCPP is mainly attributed to the phosphate functional groups.
The probable adsorption mechanism between HCPP and
uranium is provided in Figure S3.67
The chemical stability and reusability of uranium adsorbents
are critical for their practical applications. To evaluate the
chemical stability of HCPP, samples were soaked in 0.1 M
HCl, 0.1 M NaOH solution, and salt solution (containing 25.6
g L−1 NaCl and 0.193 g L−1 NaHCO3) for 12 h, respectively.
After filtration and drying, their chemical structures were
confirmed by FT-IR measurement (as plotted in Figure S4).
Compared with that of the as-prepared sample, the
characterized peaks of all of the treated samples remain
unchanged after soaking, indicating the excellent chemical
stability of the network. Recovery rates are calculated and
listed in Table S3. Experiments find that HCPP can be
efficiently recovered after solution soaking, and recovery rates
are higher than 90%. Besides, the adsorbent is totally insoluble
Figure 6. (a) Adsorption amounts and removal rates for uranium ions and competing metal ions of HCPP in the simulated nuclear industrial
effluent, (b) Kd values of uranium ions and competing ions. (The concentration of each ion is about 1 mmol L
−1, and the pH of the solution is 4.5
± 0.1)
Figure 7. (a) Adsorption amounts and removal rates for uranium ions and competing metal ions of HCPP in simulated seawater, (b) Kd values of
uranium ions and competing ions. (The concentration of each ion is about 0.5 mmol L−1, and the pH of the solution is 2.5 ± 0.1 in the case of
precipitation of the coexisting ions.)
Figure 8. (a) SEM image of HCPP-U and the corresponding EDS
mapping images: (b) phosphorus, (c) oxygen, and (d) uranium.
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in common organic solvents, such as THF, DMF, and
chloroform. Therefore, it can be concluded that HCPP has
high chemical stability. The reusability for uranium adsorption
was also investigated. Three kinds of eluent agents, including
HCl, HNO3, and Na2CO3, are employed for the desorption of
uranium on HCPP. These results as summarized in Figure 10a
reveal that the basic eluent works better than the acid one. A
maximum eluent rate (97.2%) is accomplished in the 1 M
Na2CO3 solution. The excellent eluent efficiency of the
Na2CO3 solution is attributed to the formation of a stable
uranium carbonate complex [UO2(CO3)3
4−]. Meanwhile, the
reusability of HCPP was examined by the continuous
adsorption−desorption cycle experiments using 1 M Na2CO3
solution as the eluent. As plotted in Figure 10b, the adsorption
efficiency of HCPP remains nearly 90% after four cycles.
Furthermore, the FT-IR spectra of HCPP before and after the
regeneration experiments were investigated (Figure 11). It can
be seen that no significant change is observed in the FT-IR
spectrum of HCPP after four adsorption−desorption cycles.
Encouraged by the high chemical stability and excellent
uranium selective adsorption properties of HCPP, its uranium
adsorption performance was further studied in a real nuclear
industrial effluent. This is an ambitious task as the nuclear
industrial effluent is characterized by substantially high ionic
strength, numerous interfering ions, and high acidity (pH =
1.14). It is shown that the adsorption amount of uranium in
the real nuclear industrial effluent sample (pH = 1.14) is 124
mg g−1. When the pH value is about 6.0, the adsorption
Figure 9. (a) FT-IR spectra of HCPP and HCPP-U, (b) XPS survey spectra of HCPP and HCPP-U, O 1s of XPS spectroscopy before (c) and after
uranium adsorption (d).
Figure 10. (a) Elution rates of different eluents. (b) Reusability of HCPP for uranium adsorption using 1 M Na2CO3 solution as the eluent.
Figure 11. FT-IR spectra of HCPP and desorption-HCPP (after 4
cycles).
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amount reaches 429 mg g−1. More practical applications are
under investigation.
Considering that phosphate-based materials have already
been widely used for the extraction of REEs ions from aqueous
solution. The adsorption capacities of HCPP for REEs were
also examined. Gd, Sm, Ce, Nd, Tb, and Eu are chosen as
representative elements for REEs. Typically, the REE
adsorption tests were measured at different pH values (1.0,
3.0, and 6.0, respectively) and the initial concentration of REE
ions was 200 mg L−1. The adsorption capacities of each REE
ion are depicted in Figure 12. These results demonstrate that
HCPP exhibits a broad-spectrum removal and high affinity to
these REEs. The REE adsorption capacities of HCPP increase
dramatically at pH 1.0−6.0 (except Tb), and the highest
capacity is up to 120 mg g−1 (Gd). A comparison of the Gd
adsorption capacity with other adsorbents is listed in Table 5.
Obviously, the Gd adsorption capacity of HCPP is compared
with the recently reported polymer-grafted silica,68 higher than
most of adsorbents.69−78
■ CONCLUSIONS
In this study, a new phosphate-based adsorbent for uranium
and REE adsorption in aqueous solution has been prepared by
free radical homopolymerization. Batch studies have been
carried out to observe the influence of the pH value, contact
time, uranium concentration, temperature, and coexisting ions
on uranium adsorption. The uranium adsorption process on
HCPP is proved to be spontaneous and fits well with the
pseudo-second-order kinetic equation and the Langmuir
isotherm model. The maximum uranium adsorption capacity
of HCPP is 800 mg g−1. Moreover, this new adsorbent
presents excellent selectivity for uranium adsorption over
coexisting ions, high chemical stability, and superior reus-
ability. Further studies indicate the high U(VI) adsorption
performance of HCPP in both simulated seawater with a high
salt concentration and real uranium wastewater. In addition,
HCPP also displays high REE adsorption capacities. The
excellent adsorption performance of HCPP results from its
hydrophilicity, densely packed phosphate groups throughout
the framework, and strong interaction between phosphate
groups and uranium, which improves the kinetics and the
adsorption capacity toward uranium and REEs, respectively.
Therefore, the synthesized polymeric adsorbent could be a
promising candidate for the solid-phase extraction of uranium
and REEs from aqueous solution.
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